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Key points: 
 Dip slip along curved ring faults at volcanoes generates Mw > 5 earthquakes dominated by a 
compensated-linear-vector-dipole component. 
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 Our estimation of ring-fault parameters of earthquakes at the Sierra Negra caldera yields results consistent 



















Moderate earthquakes (Mw > 5) with moment tensors (MTs) dominated by a vertical 
compensated-linear-vector-dipole (vertical-CLVD) component are often generated by dip slip along a 
curved ring-fault system at active volcanoes. However, relating their MTs to ring-fault parameters has been 
proved difficult. The objective of this study is to find a robust way of estimating some ring-fault parameters 
based on their MT solutions obtained from long-period seismic records. We first model the MTs of 
idealized ring-faulting and show that MT components representing the vertical-CLVD and vertical 
strike-slip mechanisms are resolvable by the deviatoric MT inversion using long-period seismic waves, 
whereas a component representing the vertical dip-slip mechanism is indeterminate owing to a shallow 
source depth. We then propose a new method for estimating the arc angle and orientation of ring-faulting 
using the two resolvable MT components. For validation, we study a vertical-CLVD earthquake that 
occurred during the 2005 volcanic activity at the Sierra Negra caldera, Galápagos Islands. The resolvable 
MT components are stably determined with long-period seismic waves, and our estimation of the ring-fault 
parameters is consistent with the ring-fault geometry identified by previous geodetic studies and field 
surveys. We also estimate ring-fault parameters of two earthquakes that took place during the 2018 activity 
at the caldera, revealing significant differences between the two earthquakes in terms of slip direction and 
location. These results show the usefulness of our method for estimating ring-fault parameters, enabling us 




















Seismological methods can be used for the study of active volcanoes to investigate geometries of 
subsurface structures and the physics of fluid transport into the magma plumbing system. Observations and 
analyses of shallow earthquakes with volcanic origins provide information on stress levels in volcanic 
edifices caused by magmatic pressures ascending from depth. This information is important for predicting 
eruptions and assessing hazards related to volcanic activity (e.g., McNutt, 2002; Chouet, 2003; Kawakatsu 
and Yamamoto, 2015). In most cases, small earthquakes are analyzed with in situ or near-field observations 
to infer detailed dynamics of magma transport or brittle fractures of volcanoes; for example, Kilauea in 
Hawaii (e.g., Neal et al., 2019; Shelly and Thelen, 2019) or Bárdarbunga in Iceland (e.g., Gudmundsson et 
al., 2016; Parks et al., 2017). In contrast, moderate volcanic earthquakes are sometimes recorded by 
regional and global seismic networks (e.g., Kanamori and Given, 1982; Kanamori et al., 1984; Kanamori 
and Mori, 1992; Ekström, 1994; Shuler et al., 2013a). If seismic signals radiated by such earthquakes can be 
utilized, it is possible to study volcanoes distributed globally, including those on remote islands or 
underwater without local observation systems. These include submarine volcanoes near Torishima Island, 
south of Japan (e.g., Kanamori et al., 1993; Fukao et al., 2018; Sandanbata et al., 2018), and near Curtis 
Island, north of New Zealand (Gusman et al., 2020), which caused earthquakes with seismic magnitudes of 
> 5, and submarine volcanic areas near Mayotte Island in the Comoro Islands, which showed significant 


















One of the most notable types of volcanic earthquake observed at regional or global scales are those 
with seismic magnitudes of Mw > 5 that are characterized by deviatoric moment tensors (MTs) having a 
dominant vertical compensated-linear-vector-dipole (vertical-CLVD) component (e.g., Frohlich, 1994; 
Kanamori et al., 1993; Ekström, 1994; Shuler et al., 2013a; 2013b). There are two types of vertical-CLVD 
earthquake: one contains a dominant tension axis (vertical-T CLVD earthquakes), and the other contains a 
dominant pressure axis (vertical-P CLVD earthquakes) (e.g., Ekström, 1994; Shuler et al., 2013a) (Figure 1). 
Vertical-CLVD earthquakes cannot be explained by shear rupture on a planar fault, indicating that their 
anomalous mechanisms are associated with complex source structures or magmatic processes. For 
vertical-CLVD earthquakes at volcanoes, several models have been proposed, including ring-faulting (e.g., 
Ekström, 1994), rapid water–magma interaction initiated by magma intrusion into shallow crust (Kanamori 
et al., 1993), and opening or closing of a horizontal crack (e.g., Riel et al., 2015; Fukao et al., 2018). 
Among the different proposed source models, the ring-faulting mechanism explains many features 
of vertical-CLVD earthquakes (e.g., Ekström, 1994; Shuler et al., 2013a; 2013b). Ekström (1994) showed 
that deviatoric MT analyses of long-period seismic signals radiated by pure dip slips on a curved ring fault 
result in vertical-CLVD focal mechanisms. Shuler et al. (2013a, 2013b) surveyed vertical-CLVD 
earthquakes near volcanoes from 1976 to 2009 and located their centroids within the top 10 km of the crust, 
which is consistent with the formation process of ring faults during caldera collapse (e.g., Cole et al., 2005; 
Acocella, 2007; Geyer and Martí, 2014). Shuler et al. (2013a) showed that most vertical-CLVD earthquakes 


















earthquakes near Bárdarbunga in Iceland and Nyragongo in the Democratic Republic of the Congo have 
also been attributed to slips on non-planar ring faults (e.g., Gudmundsson et al., 2016; Parks et al., 2017; 
Nettles and Ekström, 1998; Shuler and Ekström, 2009). The recurrence of vertical-CLVD earthquakes at 
two shield volcanoes showing pronounced surface deformation or micro-seismicity along well-documented 
ring-fault structures has indicted their origins related to ring-faulting at the Rabaul caldera in Papua New 
Guinea (e.g., McKee et al., 1984; Mori and McKee, 1987; Mori et al., 1989; Shuler et al., 2013b) and the 
Sierra Negra caldera in the Galápagos Islands (e.g., Amelung et al., 2000; Yun et al., 2006; Yun, 2007; 
Jónsson, 2009; Bell et al., 2021). 
MT inversion using long-period seismic waves has been applied to study the sources of 
vertical-CLVD earthquakes from far-field observations (e.g., Shuler et al., 2013b; Duputel and Rivera, 
2019; Fontaine et al., 2019). Because of long-period properties, detailed 3D velocity structures of the 
volcanic edifices are not required. MT solutions of ring-faulting are known to reflect the properties of 
earthquake sources, such as the kinematics of a central block and the dip directions of a ring fault (Ekström, 
1994). When the central block moves upward on the inward-dipping ring fault (Figure 1a), or downward on 
the outward-dipping ring fault (Figure 1b), vertical-T CLVD earthquakes are produced; in contrast, if the 
kinematics of the block are reversed, vertical-P CLVD earthquakes are produced (Figure 1c and d). Hence, 
the polarity of the MT solutions (vertical-T or -P) helps to determine either the kinematics of the central 
block (upward or downward) or the dip direction of the ring fault (inward or downward), once either of the 


















Ekström, 2009; Gudmundsson et al., 2016). 
However, it has been proved challenging to relate MT solutions obtained from long-period seismic 
waves directly to ring-fault parameters such as arc angle, dip angle, and the location of slip along the ring 
fault. One of the reasons for the difficulty is that amplitudes of radiated long-period seismic waves are 
reduced owing to partial cancellations of long-period seismic waves from different portions of a ring fault 
(Ekström, 1994). Another reason is the instability of MT inversion for shallow earthquakes (e.g., 
Dziewonski et al., 1981; Kanamori and Given, 1981). Although Shuler et al. (2013b) related MT solutions 
obtained from long-period seismic records to ring-fault parameters using the plunge of the tension or 
pressure axis and a parameter representing the dominance of the non-double-couple component, their 
estimations were not always consistent with those observed in nature or in analog models. 
Contreras-Arratia and Neuberg (2020) showed that detailed ring-fault parameters can be recovered from 
near-field seismic stations with good azimuth coverage. Once reliable relationships between ring-fault 
parameters and MT solutions obtained from long-period seismic records are established, MT inversion will 
be a more powerful tool to remotely study the kinematics and subsurface structures of active volcanoes 
distributed globally that cause ring-faulting. 
The objective of this study is to find a robust way of estimating ring-fault parameters using the MT 
solutions of vertical-CLVD earthquakes. We first model theoretical MTs of idealized ring-faulting with 


















representing the vertical dip-slip mechanism is difficult to determine with long-period seismic waves, we 
show that the remaining MT components can be used to estimate some ring-fault parameters. To validate 
the theoretical argument, we estimate the ring-fault parameters of vertical-CLVD earthquakes at the Sierra 
Negra caldera by investigating their resolvable components of MT solutions determined with long-period 
seismic waves and then compare the estimated parameters with those identified in previous studies using 
geodetic observations and field surveys. We also discuss possible bias in MT inversion caused by a seismic 
source with a volume change close to the ring-faulting. 
2 Analysis 
2.1 Modeling and decomposition of moment tensors of ring-faulting 
In this section, we theoretically explore robust relationships between MTs and ring-fault parameters. 
We consider ring-faulting along a uniformly inward-dipping fault system that traces the circumference of a 
circle. We define several ring-fault parameters as follows (Figure 2). The ring-faulting has a dip angle 𝛿 
that is constant along the fault system. The arc angle 𝛩 is the central angle that measures the ruptured 
segment along the circumference. The ring-fault azimuth is defined by the azimuth (from the north) of the 
vector 𝑂𝑀⃗⃗⃗⃗ ⃗⃗ , where O is the center of the circle and M is the midpoint of the ruptured segment. The ring-fault 
azimuth indicates the ring fault’s location along the circumference. The ring-fault orientation is the 
geometrical orientation, measured clockwise from the north, of the tangent to the circle at M, and is normal 


















from 0° to 180°. 
Here we consider idealized ring-faulting for a vertical-T CLVD mechanism: a pure reverse slip of 1 
m along a circular inward-dipping ring fault (5 km radius at the surface) that extends from the surface to a 
depth of 2 km. We model the theoretical MT of ring-faulting in a similar way to Ekström (1994) and Shuler 
et al. (2013b); we discretize the ring fault into planar rhomboidal subfaults with a central angle of 1° for 
each, compute the MT of each subfault (Box 4.4 in Aki and Richards, 2002), and sum up the MTs of the 
subfaults. A ring fault is smaller than the wavelength, and the typical source time duration of vertical-CLVD 
earthquakes is ~10 s (Shuler et al., 2013b), which is shorter than the wave period of the long-period seismic 
waves that we use; hence, we can ignore the rupture propagation along the ring fault and assume the 
point-source approximation. While fixing the ring-fault azimuth as 0° (i.e., the midpoint on the north), we 
vary two ring-fault parameters, that is, the dip angle 𝛿 ranging from 45° to 90°, and the arc angle 𝛩 
ranging from 0° to 360°. Only vertical-T earthquakes are discussed here because MTs of vertical-P 
earthquakes can be examined by changing the signs of the MTs. 
The scalar moment of the theoretical MTs is computed by following the definition given by Silver 
and Jordan (1982) and Dahlen and Tromp (1998): 
𝑀0 = √Σ𝑖𝑗𝑀𝑖𝑗𝑀𝑖𝑗 2⁄ , (1) 
where 𝑀𝑖𝑗 are the ij elements of an MT in spherical coordinates (𝑟, 𝜃, and 𝜙) representing up, south, and 





















(log10 𝑀0 − 9.10). (2) 
with 𝑀0 being measured in N m (e.g., Kanamori, 1977; Hanks and Kanamori, 1979). 
We next decompose the theoretical MTs in a similar way to Kawakatsu (1996). For the 
decomposition, we define three moment scales corresponding to isotropic (ISO), vertical-CLVD (CLVD), 













(𝑀𝜃𝜃 − 𝑀𝜙𝜙). (5) 
Note that the MT of ring-faulting contains no isotropic component (𝑀𝐼𝑆𝑂 = 0). Hence, using the two 
moment scales (𝑀𝐶𝐿𝑉𝐷  and 𝑀𝐷 ) and the non-diagonal elements (𝑀𝑟𝜃 , 𝑀𝑟𝜙 , and 𝑀𝜃𝜙 ), the MT of 
ring-faulting can be uniquely decomposed into three deviatoric MT components in the following form: 
𝑴 = 𝑴𝐶𝐿𝑉𝐷 + 𝑴𝑆𝑆 + 𝑴𝐷𝑆, (6) 
where 
𝑴𝐶𝐿𝑉𝐷 = 𝑀𝐶𝐿𝑉𝐷 [
1   
0 −0.5  
0 0 −0.5


















𝑴𝑆𝑆 = 𝑴𝐷 + 𝑴𝜃𝜙 = 𝑀𝐷 [
0   
0 1  
0 0 −1
] + 𝑀𝜃𝜙 [
0   
0 0  
0 1 0
],  (8)  
and  
𝑴𝐷𝑆 = 𝑴𝑟𝜃 + 𝑴𝑟𝜙 = 𝑀𝑟𝜃 [
0   
1 0  
0 0 0
] + 𝑀𝑟𝜙 [
0   
0 0  
1 0 0
].  (9) 
Note that the moment scales (Equations 3–5) are scalars, whereas the MT components (Equations 7–9) are 
tensors. 
The three MT components 𝑴𝐶𝐿𝑉𝐷 , 𝑴𝑆𝑆 , and 𝑴𝐷𝑆  represent different source types, i.e., the 
vertical-CLVD (CLVD), vertical strike-slip (SS), and vertical dip-slip (DS) mechanisms, respectively 
(Figure 2b). The sign of 𝑀𝐶𝐿𝑉𝐷  in Equation (7) depends on the type of vertical-CLVD earthquake: 
𝑀𝐶𝐿𝑉𝐷 > 0 for vertical-T earthquakes, and 𝑀𝐶𝐿𝑉𝐷 < 0 for vertical-P earthquakes. 
Using absolute values defined by |𝑀𝐶𝐿𝑉𝐷|, 𝑀𝑆𝑆 = √𝑀𝐷
2 + 𝑀𝜃𝜙
2 , and 𝑀𝐷𝑆 = √𝑀𝑟𝜃
2 + 𝑀𝑟𝜙
2 , we 
can quantify the ratios of the CLVD, SS, and DS components in the MT of ring-faulting as: 
|𝑀𝑖|
|𝑀𝐶𝐿𝑉𝐷|+𝑀𝑆𝑆+𝑀𝐷𝑆
× 100 [%], (10) 
where i represents CLVD, SS, or DS. 
Figures 2c and 2d show the theoretical MTs and components for reverse slips on ring faults with dip 


















respectively). The ring-fault azimuths are 0°, and the ring-fault orientations are 90° (i.e., the midpoint of the 
ring fault is located on the north along the circumference of the circle). For comparison, MTs of slip on 
planar faults with the same dip angles that are parallel to the ring-fault orientation are shown (1st row). 
Ring-faulting has a vertical-CLVD mechanism, as long-period seismic contributions from different 
segments along the curved ring fault partially cancel out (Ekström, 1994). Because the azimuths of 
principal axes of the two double-couple components, 𝑴𝑆𝑆 and 𝑴𝐷𝑆, are determined by the strike angle of 
a planar fault (1st row), the double-couple components from different portions of the ring fault cause the 
geometric cancellation. In contrast, as the CLVD component, 𝑴𝐶𝐿𝑉𝐷, of a planar fault does not change with 
its strike angle, the component of the ring fault accumulates and becomes more dominant in the moment 
tensor as the arc angle increases. 
2.2 Indeterminate DS component at a shallow source depth 
Once the MT solution of ring-faulting is determined, the ring-fault parameters, namely, dip angle, 
arc angle, and ring-fault azimuth (Figure 2a), can be estimated from the ratios of the three MT components 
and azimuths of the principal axes of the SS and DS components. However, the DS component of such 
shallow earthquakes is indeterminate from long-period seismic waves, because the component near the 
solid surface has little contribution to long-period seismic waves (e.g., Dziewonski et al., 1981; Kanamori 


















seismic magnitude of ring-faulting from long-period seismic waves. In addition, we cannot determine the 
ring-fault azimuth, which is reflected in the azimuth of the tension axis of the DS component. 
To confirm the indeterminacy of the DS component at a shallow depth, we synthetize long-period 
(0.005–0.0125 Hz) seismic waveforms, including all the relevant phases (e.g., P, S, and surface waves), at a 
virtual station from five hypothetical sources representing elementary components, 𝑴𝐶𝐿𝑉𝐷, 𝑴𝐷, 𝑴𝜃𝜙, 
𝑴𝑟𝜃, and 𝑴𝑟𝜙. We assume the same scalar moment M0 = 1.0 × 10
18 N m (Mw 5.9) using Equation (1) for 
the sources (Figure 3). Details of the numerical method are described in the caption of Figure 3. For a 
source at 2.5 km depth in the crust, amplitudes of long-period seismic waves radiated from the DS 
component (𝑴𝑟𝜃, 𝑴𝑟𝜙) are much smaller than those from the CLVD component (𝑴𝐶𝐿𝑉𝐷) and the SS 
component (𝑴𝐷, 𝑴𝜃𝜙) (Figure 3a). Because of the inefficient seismic excitation, estimation of the DS 
component is unstable. Also, small errors in the depth of the source result in large uncertainties in the DS 
components owing to large variations in the amplitudes of synthetic long-period seismic waves. If the 
source is at 10.5 km depth, the DS component radiates larger seismic waves (Figure 3b). 
2.3 Resolvable MTs of ring-faulting 
Given the indeterminacy of the DS component, we propose a method for estimating two ring-fault 
parameters using only the CLVD and SS components, which are resolvable with long-period seismic waves. 


















𝑴𝑟𝑒𝑠 = 𝑴𝐶𝐿𝑉𝐷 + 𝑴𝑆𝑆. (11) 
𝑴𝑟𝑒𝑠 for the idealized ring-faulting is shown in the 6th column in Figures 2c and 2d. Here, we introduce 
two new dimensionless physical parameters extracted from 𝑴𝑟𝑒𝑠, as follows. The first parameter, 𝑘𝐶𝐿𝑉𝐷, 




× 100 [%], (12) 
which we call the CLVD ratio. This parameter can be used to estimate the ring-fault arc angle 𝛩 (Figure 
4a). As 𝛩 increases from 0° (i.e., a planar fault) to 180°, 𝑘𝐶𝐿𝑉𝐷 increases from 66.7% to 100%. From 
𝛩 =180°, 𝑘𝐶𝐿𝑉𝐷 decreases to a local minimum of 90% at ~255°, and then increases to 100% at 360°. 
𝑘𝐶𝐿𝑉𝐷 reaches 100% when 𝛩 is 180° or 360°, where the SS component vanishes. When the dip angle is 
constant along the ring fault, the relationship between 𝑘𝐶𝐿𝑉𝐷 and 𝛩 does not depend on the dip angle 
because pure dip slip on a planar fault with any dip angle in all cases results in the same CLVD-to-SS 
component ratio of 2:1 (top row in Figures 2c and 2d). Thus, we can use 𝑘𝐶𝐿𝑉𝐷 to estimate some values of 
𝛩 even if the DS component is indeterminate. 
The second parameter, 𝜓, is defined as follows. The resolvable moment tensor 𝑴𝑟𝑒𝑠 discussed 
here is expressed by three orthogonal dipoles. We use the orientation of the dipole with the smallest 
absolute moment to estimate the orientation of the ring fault. As shown in Figures 2c and 2d (6th column), 
this dipole determines the elongation direction of the nodal-line pattern of the mechanism diagrams of 


















best-fitting double-couple moment tensor (pp. 248–251 of Shearer, 2009) shown by thin curves on the 
mechanism diagrams (6th column of Figures 2c and 2d). We refer to the dipole axis as the N-axis and denote 
its orientation by 𝜓 , which is measured from the north, eastward-reckoned positive, 0 ≤ 𝜓 < 180°. 
Figures 4b and 4c show the relationships between the ring-fault orientation and the N-axis for vertical-T 
and vertical-P CLVD earthquakes. The ring-fault orientation is parallel or perpendicular to the N-axis 
depending on 𝛩 < 180° or 𝛩 > 180°, respectively. Because 𝜓 is independent of the dip angle, this 
parameter can be used to estimate the ring-fault orientation without knowing the DS component. We note 
that what can be estimated from 𝜓 is not the ring-fault azimuth but the orientation (Figure 2a); we cannot 
distinguish two different ring faults with the same arc angle but rotated by 180° to each other. 
Thus, 𝑴𝑟𝑒𝑠 for shallow ring-faulting is useful for estimating ring-fault parameters by using 
𝑘𝐶𝐿𝑉𝐷  and 𝜓  together. If 𝑘𝐶𝐿𝑉𝐷  is less than ~90%, 𝛩  can be uniquely determined by 𝑘𝐶𝐿𝑉𝐷 
because 𝛩 is a single-valued function of  𝑘𝐶𝐿𝑉𝐷  (Figure 4a). In this case, the ring-fault orientation is 
parallel to the N-axis (Figures 4b and 4c). In contrast, if 𝑘𝐶𝐿𝑉𝐷 is larger than ~90%, 𝛩 cannot be 
determined uniquely and three values of 𝛩 are possible for a given 𝑘𝐶𝐿𝑉𝐷 (Figure 4a); there also remain 
two possibilities for the ring-fault orientation, parallel or perpendicular to the N-axis, depending on 𝛩 
(Figures 4b and 4c). When 𝛩 = 180°, the N-axis orientation is indeterminate (Figures 2c and 2d), and 


















3 Case study: Vertical-CLVD earthquakes at the Sierra Negra caldera, Galápagos Islands 
In the previous section, we showed that the resolvable MT, 𝑴𝑟𝑒𝑠, which is composed of the CLVD 
and SS components, of ring-faulting is useful for estimating the arc angle 𝛩 and the orientation of the ring 
fault. Here, we investigate the relationships for a vertical-CLVD earthquake that occurred at the Sierra 
Negra caldera prior to the 2005 volcanic activity. We first test the stability of 𝑴𝑟𝑒𝑠 obtained from MT 
inversion using long-period seismic records at far field. Then, we analyze 𝑴𝑟𝑒𝑠 to estimate the ring-fault 
parameters and compare them with other observations. We also investigate two vertical-CLVD earthquakes 
at the caldera during volcanic activity in 2018. 
3.1 Mw 5.5 vertical-T CLVD earthquake prior to the 2005 eruption 
The Sierra Negra is a shield volcano located at the southern end of Isabella Island, in the Galápagos 
Islands (Figure 5a). A shallow 7 km × 10.5 km caldera structure is formed at the summit of the 1124-m-high 
volcano (Figure 5b; Reynolds et al., 1995). On 22 October 2005, the Sierra Negra caldera started eruption 
activity at ~23:30 in UTC (e.g., Global Volcanism Project, 2005; Geist et al., 2008). At 20:34 on the same 
day, about 3 h before initiation of the eruption, a vertical-T CLVD earthquake with Mw 5.5 occurred 
(Chadwick et al., 2006; Jónsson, 2009). Clear long-period seismic signals from this earthquake were 
observed at far-field stations (black kines in Figure 6). Geodetic observations with Global Positioning 
System (GPS) and Interferometric Synthetic Aperture Radar (InSAR) suggested reverse slip along a 


















pressurized sill-like magma chamber; this fault-motion mechanism is termed trapdoor faulting (e.g., 
Amelung et al., 2000; Jónsson, 2009). The occurrence of ring-faulting was indicated by a fresh fault scarp 
on the southwestern part of the caldera (black dotted and solid curves in Figure 5b) identified by Geist et al. 
(2008), who conducted field surveys at the caldera after the 2005 eruption. The shallow sill-like magma 
chamber estimated from geodetic data (Jónsson, 2009) suggests that the earthquake occurred in the top ~2 
km of the crust. For this geometry at such a shallow depth, the indeterminacy of the DS component is an 
issue. Thus, this is a good example for investigating how the MT solution of a vertical-CLVD earthquake 
caused by ring-faulting is related to the geometry of the ring fault identified by geodetic studies and field 
surveys. 
3.2 Data & methods 
We perform MT inversion for the Mw 5.5 vertical-T earthquake near the Sierra Negra caldera. We 
use the W-phase code for the inversion, including filtering, data screening, and convolution of Green’s 
functions (Kanamori and Rivera, 2008; Hayes et al., 2009; Duputel et al., 2012). We use the normal mode 
method (e.g., Takeuchi and Saito, 1972) to compute Green’s functions for the 1-D Preliminary Reference 
Earth Model (PREM; Dziewonski and Anderson, 1981), in the same way as we did for the synthetic test in 
Section 2.2. Long-period seismic waves are extracted from synthetic and observed waveforms by applying 
a one-pass and fourth-order Butterworth bandpass filter with corner frequencies at 0.005 and 0.0125 Hz. 


















volume change to the long-period seismic waves by imposing the zero-trace constraint, 𝑀𝑟𝑟 + 𝑀𝜃𝜃 +
𝑀𝜙𝜙 = 0. This means that the seismic waves are entirely attributed to ring-faulting. Possible bias caused by 
a volume change is discussed later in Section 4.2. 
We use long-period seismic records at far-field stations for the inversion. We download seismic 
records at stations within 5°–60° of the epicentral distance from the Data Management Center of the 
Incorporated Research Institutions for Seismology (IRIS). For data screening (i.e., to remove bad data with 
glitch, or low signal-to-noise ratio), we conduct a trial MT inversion using a source placed at 2.5 km depth 
in the crust (i.e., 5.5 km depth of PREM including a 3-km oceanic layer) just below the Sierra Negra caldera 
(0.83°S, 91.14°W). We assume a half duration and a centroid time shift reported in the Global Centroid 
Moment Tensor (GCMT) Catalog. As a result of the trial inversion, we remove clearly bad data yielding a 
normalized root mean square (NRMS) misfit > 0.9; the NRMS is defined by 𝜌𝑖 = √‖𝒔𝑖 − 𝒅𝑖‖
2/‖𝒔𝑖‖
2, 
where 𝒔𝑖  and 𝒅𝑖  are synthetic and observed data in the inversion time window at the i-th station, 
respectively, and ‖𝒔‖ represents the L2 norm of data vector 𝒔. The selected dataset is composed of 25 
seismic records at stations for the epicentral distance range from 12.4° to 46.6° and has a good azimuthal 
coverage (Figure 6). The stations are from different seismic networks: the Global Seismograph Network (II, 
IU), Broadband Tomography Under Costa Rica and Nicaragua (YO, 2003–2006), GEOSCOPE (G), and the 
United States National Seismic Network (US). 


















location in a 3D space around the Sierra Negra caldera. By examining the variation in the MT solutions, we 
can assess the sensitivity of the solutions to small variations in estimated centroid location. For MT 
inversion in the 3D space, centroid locations are distributed on two planes: the x–y (longitude–latitude) 
plane at a depth of 2.5 km in the crust (Figure 7a), and the x–z (longitude–depth) plane along a latitude of 
0.83°S across the caldera (Figure 7b). The centroid location intervals are 0.1° in the horizontal direction and 
2.0 km in the vertical direction. At each centroid location, we try the inversion with different values for the 
half duration 𝑡ℎ of the source time function and the centroid time shift 𝑡𝑐, assuming 𝑡ℎ = 𝑡𝑐, and then 
determine an optimal value by a grid search minimizing the waveform misfit. The waveform fit for the MT 




𝑖⁄ , where each 
sum goes over the number of seismic records. Then, from the solution, we obtain 𝑴𝑟𝑒𝑠  defined by 
Equation (11). Strictly speaking, to estimate 𝑴𝑟𝑒𝑠 exactly with the constraint of 𝑀𝑟𝜃 = 𝑀𝑟𝜙 = 0, we need 
to perform three-element MT inversions with the three constraints, 𝑀𝑟𝜃 = 𝑀𝑟𝜙 = 0, and 𝑀𝑟𝑟 + 𝑀𝜃𝜃 +
𝑀𝜙𝜙 = 0. However, to compare our solutions with the GCMT solutions which were obtained for the five 
MT elements with the only constraint 𝑀𝑟𝑟 + 𝑀𝜃𝜃 + 𝑀𝜙𝜙 = 0 , we here perform five-element MT 
inversions only with the constraint 𝑀𝑟𝑟 + 𝑀𝜃𝜃 + 𝑀𝜙𝜙 = 0, and after the solution was obtained we set 
𝑀𝑟𝜃 = 𝑀𝑟𝜙 = 0. In Supporting Information, we compare 𝑴𝑟𝑒𝑠  obtained with these two methods and 



















3.3.1 Indeterminate DS component and stability of the resolvable MT 
Figure 7a shows the global NRMS values for the MT solutions at locations on the x–y plane at a 
depth of 2.5 km in the crust. In the area around the Sierra Negra caldera (white rectangle in Figure 7a), the 
NRMS values are small. Figure 7b shows the global NRMS values for the MT solutions on the x–z plane 
along latitude 0.83°S (dashed line in Figure 7a). Similarly, small NRMS values are given by most MT 
solutions in the top ~15 km of the crust. For example, the MT solution at the caldera (0.83°S, 91.14°W; red 
circle in Figure 7a) at a depth of 2.5 km reproduces the observed records well with an NRMS value of 0.365 
(Figure 6). From the MT solutions in the 3D space, 53 solutions at different centroid grids yield NRMS 
values of ≤ 0.365, which we refer to as acceptable solutions hereafter. 
Figure 7c shows the MT solutions on the x–y plane at a depth of 2.5 km in the area around the 
caldera (white rectangle in Figure 7a), and Figure 7d shows the solutions on the x–z plane along a latitude 
of 0.83°S (white dashed line in Figure 7a) in the top ~10 km of the crust. The solutions on the two planes 
differ significantly depending on centroid locations in the 3D space, although they yield similar small 
NRMS values. Notably, at shallower depths in the crust, estimated Mw values and ratios of the DS 
component are larger (Figure 7d). For the 53 acceptable solutions, MW values are distributed widely from 
5.50 to 6.49 (Figure 8a), and the ratio of the DS component, computed with Equation (10), ranges from 


















indeterminate DS component, as discussed in Section 2.2. 
From the MT solutions at centroid locations on the x–y and x–z planes, we extract 𝑴𝑟𝑒𝑠 defined by 
Equation (11) (Figures 7e and 7f). 𝑴𝑟𝑒𝑠 on the two planes have similar focal mechanisms and MW. MW 
values of 𝑴𝑟𝑒𝑠 are in a narrow range (5.33 ± 0.04) for the 53 acceptable solutions (Figure 8c). Also, 𝑴𝑟𝑒𝑠 
for the acceptable solutions contain stable values of the CLVD ratio 𝑘𝐶𝐿𝑉𝐷 (73.0% ± 3.0%; Figure 8d) and 
the N-axis azimuth 𝜓 (102.7° ± 3.0°; Figure 8e). These results confirm that 𝑴𝑟𝑒𝑠 is stably obtained for 
vertical-CLVD earthquakes, even in the cases where centroid locations are not accurately determined, 
indicating its stability under the presence of noise in observed data. Thus, the two physical parameters (i.e., 
𝑘𝐶𝐿𝑉𝐷 and 𝜓) obtained from 𝑴𝑟𝑒𝑠 can be used to reliably estimate ring-fault parameters. 
In Figure 9 and Table 1, we compare the MT solution obtained for the centroid location at a depth of 
2.5 km just below the caldera (0.83°S, 91.14°W) with the solution from the GCMT Catalog. The centroid 
depth of the GCMT solution is 9.0 km in the crust (i.e., 12 km of PREM including a 3-km oceanic layer). 
The two MT solutions, including the indeterminate DS component, have very different focal mechanisms, 
MW values, and ratios of the DS component (Figures 9a and 9b). In contrast, 𝑴𝑟𝑒𝑠 extracted from the two 
different solutions show similar values for Mw (5.31 and 5.31), 𝑘𝐶𝐿𝑉𝐷 (73.4% and 77.3%), and 𝜓 (101.9° 
and 96.3°; Figures 9c and 9d). These results demonstrate that 𝑴𝑟𝑒𝑠 can be reliably estimated from various 
available catalogs such as the GCMT, even if the centroid depth and the complete MT are not accurately 


















3.3.2 Ring-fault parameters inferred from the resolvable MT 
We next estimate ring-fault parameters for the 2005 vertical-T CLVD earthquake at the Sierra Negra 
caldera from 𝑴𝑟𝑒𝑠 of the MT solution (Figure 9c). If we assume that the seismic waves are generated 
entirely from idealized ring-faulting (uniform slip along a circular ring fault with a constant dip angle), 
𝑴𝑟𝑒𝑠 with a value of 𝑘𝐶𝐿𝑉𝐷 of 73.4% indicates a ring fault with an arc angle 𝛩 of ~80° (Figure 4a). In 
such a case of 𝛩 < 180°, the N-axis with 𝜓 of 101.9° suggests that the ring-fault orientation is a direction 
rotated slightly clockwise from the E–W direction. Similarly, the intra-caldera fault (black curve in Figure 
5b), which was attributed to the earthquake source by geodetic observations and field surveys (Amelung et 
al., 2000; Jónsson, 2009; Geist et al., 2008), has an arc angle a little smaller than 90° and its orientation is 
slightly rotated clockwise from the E–W direction, if we approximate the fault as a circular arc. Although 
here we do not consider complexities of the actual fault geometry and slip distributions, the overall 
agreement of the ring-fault parameters with the well-documented intra-caldera fault geometry strongly 
suggests that we can study geometries of ring faults at volcanoes by analyzing the 𝑴𝑟𝑒𝑠 of MT solutions 
obtained from long-period seismic records at far field. 
3.4 Insights into two vertical-CLVD earthquakes prior to and during the 2018 eruption 
The Sierra Negra caldera renewed its eruption activity at ~19:40 on 26 June 2018 (UTC), which 
lasted until 23 August (Global Volcanism Program, 2018; Vasconez et al., 2018; Bell et al., 2021). The 


















northern side of the volcanic flank, and large surface deformation with increased seismicity along the 
intra-caldera fault system (Bell et al., 2021). Prior to and during the eruption, two vertical-CLVD 
earthquakes with Mw > 5 were reported near the Sierra Negra caldera: a vertical-T earthquake with Mw 5.3 at 
9:15 on 26 June, about 10 h before the initiation of the eruption, and a vertical-P earthquake with Mw 5.1 at 
0:30 on 5 July. Bell et al. (2021) analyzed GPS records at the caldera and attributed the two earthquakes to 
trapdoor faulting events on the intra-caldera fault structure. This indicates the ring-faulting origin of the 
earthquakes. 
The difference in the types of vertical-CLVD earthquake (vertical-T or P) can be explained by 
flipped kinematics of slips on inward-dipping ring faults. Bell et al. (2021) reported that the first 
(vertical-T) earthquake took place during the inflation phase of the caldera, preceding the eruption, and 
caused large uplift of the inner caldera floor; on the other hand, the second (vertical-P) earthquake occurred 
during a rapid deflation phase after the initiation of the eruption and the caldera floor subsided. Shuler et al. 
(2013a) demonstrated similar temporal relationships between vertical-CLVD earthquakes and an eruption 
by global observations; in other words, vertical-T earthquakes were often observed before an eruption, 
whereas most vertical-P earthquakes occurred after an eruption started. Considering the co-seismic 
deformation patterns of the caldera, it is reasonable to attribute the vertical-T earthquake to upward motion 
of the central block along an inward-dipping ring fault (Figure 1a), and the vertical-P earthquake to a drop 


















To provide insights into the source geometries of two vertical-CLVD earthquakes, we here analyze 
their MT solutions from the GCMT Catalog (Table 1, Figures 10a and 10c). Focal mechanisms and the 
parameters (𝑘𝐶𝐿𝑉𝐷 and 𝜓) of 𝑴𝑟𝑒𝑠 extracted from the MT solutions of the vertical-T and P earthquakes 
are shown in Figures 10b and 10d, respectively. For the vertical-T earthquake, 𝑘𝐶𝐿𝑉𝐷 is 72.2% and 𝜓 is 
86.4° (approximately E–W), and for the vertical-P earthquake, 𝑘𝐶𝐿𝑉𝐷  is 71.9% and 𝜓  is 55.5° 
(approximately NE–SW). The small values of 𝑘𝐶𝐿𝑉𝐷, 72.2% for the vertical-T earthquake and 71.9% for 
the vertical-P earthquake, indicate that both earthquakes occurred along short ring faults with arc angles 𝛩 
of ~80°, according to the relationship between 𝑘𝐶𝐿𝑉𝐷  and 𝛩  (Figure 4a). In contrast, the significant 
difference in 𝜓 of ~31° implies that the earthquakes occurred at different locations along the intra-caldera 
fault system. Using the relationship between the N-axis of 𝑴𝑟𝑒𝑠 and the orientation of the ring fault with 
𝛩 < 180° (top row in Figure 4b), the N-axis of 𝑴𝑟𝑒𝑠 is expected to be parallel to the ring-fault orientation. 
Therefore, we estimate that the vertical-T earthquake occurred on a ring-fault segment oriented in the E–
W direction, whereas the vertical-P earthquake occurred on a different segment oriented in the NE–SW 
direction. Given the fault structures exposed on the caldera floor (Figure 5b), we suggest that the vertical-T 
earthquake was generated by reverse slip on the southern intra-caldera fault, which may partially 
correspond to the fault estimated as generating the 2005 earthquake (the eastern part of black curve in 
Figure 5b). By contrast, we infer that the vertical-P earthquake occurred on another ring-fault segment on 



















We compare our estimations with geodetic observations by Bell et al. (2021), who used GPS data 
recorded on the caldera floor. The authors reported that the vertical-T earthquake caused large co-seismic 
uplift of 1.8 m and 1.4 m at GPS stations GV09 and GV06, respectively (Figure 5b), which supports our 
estimation of the vertical-T earthquake along the southern fault. On the other hand, the second earthquake 
caused large subsidence of 71 cm at GV06, but only 15 cm at GV09. The larger displacement at GV06 than 
GV09 supports that the main rupture of the vertical-P earthquake was on the southeastern part of the 
intra-caldera fault, which is consistent with one of the two candidates that we estimate for the geometry of 
the vertical-P earthquake (i.e., southeastern or northwestern intra-caldera fault). For reference, we indicate 
the more plausible ring-fault geometry of the vertical-P earthquake by a gray dotted curve in Figure 5b. 
Thus, we suggest that the clear differences between the parameters of 𝑴𝑟𝑒𝑠 for the two vertical-CLVD 
earthquakes offer information about significant differences in source locations along the intra-caldera fault 
system. 
4 Discussion 
4.1 Efficiency of long-period seismic excitation from ring-faulting 
As demonstrated above, the nature of seismic excitation from ring-faulting is very different from 
that of regular tectonic earthquakes. In general, despite the spectacular surface expression of ring faults, the 
seismic excitation, especially at long periods (greater than ~100 s), is inefficient, which often causes 


















general discussion to clarify the problem with the inefficient seismic excitation. 
There are two aspects to this problem. First, as previously discussed by Ekström (1994) and Shuler 
et al. (2013b), the ring-fault geometry results in cancellation of the source strength, as measured by the 
scalar moment. As discussed in Section 2, we represent the MT of ring-faulting by the sum of MTs of planar 
rhomboidal subfaults under the point-source approximation. We then compute the scalar moment 𝑀0 of 






as a function of the dip and arc angles, where Δ𝑀0
𝑖  is the scalar moment of the i-th subfault along the ring 
fault computed using Equation (1). This ratio is generally smaller than 1 owing to the geometrical 
cancellation of the double-couple components (i.e., 𝑴𝑆𝑆 and 𝑴𝐷𝑆). 
In addition to this geometrical cancellation, the efficiency of seismic excitation of ring-faulting is 
reduced because of its shallow source property. As expressed by Equation (6), the MT of ring-faulting can 
be expressed by the sum of three components, 𝑴𝐶𝐿𝑉𝐷, 𝑴𝑆𝑆, and 𝑴𝐷𝑆. Because of the very shallow depth, 
𝑴𝐷𝑆 does not contribute to long-period seismic excitation; by contrast, the other two components (𝑴𝐶𝐿𝑉𝐷, 
𝑴𝑆𝑆), which we referred to as resolvable components, have contributions. The effect of little seismic 
excitation from 𝑴𝐷𝑆 can be expressed by the following ratio of scalar moment of 𝑴𝒓𝒆𝒔 to that of the 























𝑟𝑒𝑠 is the scalar moment based on Equation (1) for 𝑴𝑟𝑒𝑠 (defined by Equation (11)). 
















As shown in Figure 11c, the excitation efficiency of long-period seismic waves from ring-faulting at a 
shallow depth is generally low, being lower for ring faults dipping more steeply. 
The inefficient excitation of long-period seismic waves explains many peculiar characteristics of 
vertical-CLVD earthquakes. Ring-faulting may generate greater surface deformation than expected 
empirically from their seismic magnitudes estimated with long-period seismic waves. This may explain that 
the moment magnitude of the slip model geodetically estimated for an intra-caldera earthquake at the Sierra 
Negra caldera was much larger than that determined with seismic data independently (Jónsson, 2009). If 
vertical-T CLVD earthquakes at the submarine volcanoes near Torishima Island and Curtis Island are 
related to ring-faulting, the disproportionately large tsunamis for their seismic magnitudes may be partially 
a result of the inefficient seismic excitation. Kanamori et al. (1993) identified an azimuthally uniform 
radiation pattern of Rayleigh waves and an absence of Love waves from a vertical-T earthquake. This 
peculiarity can be explained by the inefficient excitation of the DS component, as well as the geometrical 


















4.2 Effect of volume change on the zero-trace estimate of the CLVD component 
In previous sections, we estimated the CLVD moment scale 𝑀𝐶𝐿𝑉𝐷 of ring-faulting, defined by 
Equation (4), at a very shallow depth, with the assumption of a vanishing isotropic component 𝑀𝐼𝑆𝑂, 
defined by Equation (3). If a volume change occurs near ring-faulting, the estimated 𝑀𝐶𝐿𝑉𝐷 might be 
biased. As the bias depends on the geometry of the magma reservoir, we discuss three cases below. 
Horizontal tensile crack 
The moment tensor for a horizontal tensile (or compressional) crack with a volume change Δ𝑉 is 
given in the (𝑟, 𝜃, 𝜙) coordinate system by (e.g., Kawakatsu and Yamamoto, 2015) 
 𝑴𝑇𝑒𝑛𝑠𝑖𝑙𝑒 = Δ𝑉 [
𝜆 + 2𝜇   
0 𝜆  
0 0 𝜆
]. (16) 
As seismic excitation of a moment tensor M is determined by (𝑴:𝜺), where 𝜺 is the strain tensor at the 
source (Gilbert, 1971), the excitation by the horizontal tensile crack is proportional to (𝜆 + 2𝜇) 𝑟𝑟 +
𝜆 𝜃𝜃 + 𝜆 𝜙𝜙, which is equal to 𝜎𝑟𝑟, where 𝑟𝑟, 𝜃𝜃, and 𝜙𝜙 are the 𝑟𝑟, 𝜃𝜃, and 𝜙𝜙 elements of the 
strain tensor, respectively, and 𝜎𝑟𝑟 is the 𝑟𝑟 element of the stress tensor. For a very shallow source, 𝜎𝑟𝑟 ≈
0. This means that a very shallow horizontal tensile crack has little seismic excitation (pp. 180–183 of 
Dahlen and Tromp, 1998; Fukao et al., 2018). 
Previous studies have suggested that the Sierra Negra caldera has a sill-like magma reservoir at a 


















change of such a shallow sill-like reservoir involves a moment tensor defined by Equation (16) and does not 
contribute to long-period seismic waves, it is reasonable to attribute the seismic waves from the 
vertical-CLVD earthquakes at the caldera only to ring-faulting, as done in Section 3. 
The case for a horizontal tensile crack has an important implication for other types of volume 
change. 𝑴𝑇𝑒𝑛𝑠𝑖𝑙𝑒 can be decomposed as: 
 Δ𝑉 [
𝜆 + 2𝜇   
0 𝜆  
0 0 𝜆
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1   
0 −0.5  
0 0 −0.5
]. (17) 
The first and second terms on the right-hand side represent isotropic and CLVD sources, respectively. Thus, 
the vanishing excitation by a horizontal tensile crack simply means that a unit isotropic tensor [
1   
0 1  
0 0 1
] 




1   
0 −0.5  
0 0 −0.5
] for seismic excitation at a very shallow depth. 
Spherical source 
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𝜇) Δ𝑉,   (19) 
then, using the equivalence relation between the isotropic and CLVD tensors, the CLVD moment scale of 
ring-faulting at a shallow depth is observed as a CLVD source with 
 𝑀𝐶𝐿𝑉𝐷








𝜇 Δ𝑉. (20) 
Thus, to estimate 𝑀𝐶𝐿𝑉𝐷 for ring-faulting, we need to add 
4
3
𝜇 Δ𝑉 to the observed 𝑀𝐶𝐿𝑉𝐷
′  estimated with 
the assumption of Δ𝑉 = 0. 
Vertical cylindrical source 
If the deformation below ring-faulting is represented by a vertical cylindrical source given by a 
moment tensor 
𝑴𝐶𝑦𝑙𝑖𝑛𝑑𝑒𝑟 = Δ𝑉 [
𝜆   
0 𝜆 + 𝜇  
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𝜇) Δ𝑉, (23) 
then, considering the additional isotropic and CLVD components from the vertical cylindrical source, the 
CLVD moment scale of ring-faulting is equivalent to a CLVD source with 
 𝑀𝐶𝐿𝑉𝐷


















 = 𝑀𝐶𝐿𝑉𝐷 − 2𝜇 Δ𝑉.   (24) 
Thus, we need to add 2𝜇 Δ𝑉 to the observed 𝑀𝐶𝐿𝑉𝐷
′  to estimate 𝑀𝐶𝐿𝑉𝐷 for ring-faulting. 
To illustrate the equivalence relation between the isotropic and CLVD tensors discussed above, we 
show synthetic long-period waveforms computed for a CLVD source, an isotropic source, and a horizontal 
tensile crack source (Figure 12). For this comparison, we use a common metric for 𝑴𝐶𝐿𝑉𝐷, 𝑴𝐼𝑆𝑂, and 
𝑴𝑇𝑒𝑛𝑠𝑖𝑙𝑒. If we use the definition of a scalar moment M0, given by Equation (1), then a CLVD source, 
[
1   
0 −0.5  
0 0 −0.5
] , an isotropic source, [
1   
0 1  
0 0 1
] , and a horizontal tensile crack source, 
[
𝜆 + 2𝜇   
0 𝜆  
0 0 𝜆
], can be written, respectively, as 
 𝑀0 [
√4/3   





















√2/3   
0 √2/3  
0 0 √2/3






𝜆 + 2𝜇   
0 𝜆  
0 0 𝜆
].   (27) 
Here, we use the same scalar moment of M0 = 1.0 × 1018 Nm (Mw 5.9). The waveforms for the CLVD and 
isotropic sources are quite similar to each other, except for the polarity and amplitude (Figures 12a and 12b). 
Figure 12c shows waveforms for the horizontal tensile source. The amplitudes are very small, reflecting the 
cancellation effects of 𝑴𝐶𝐿𝑉𝐷 and 𝑴𝐼𝑆𝑂. 
4.3 Limitations in analysis of long-period seismic waves from ring-faulting 
We demonstrated the usefulness of MT inversion using long-period seismic waveforms for 
studying slip kinematics and geometries of ring faults at active volcanoes. However, limitations in the use 
of long-period seismic waves remain. Some moment tensor elements of ring-faulting are inefficient for 
generating long-period seismic waves, so that parts of source parameters cannot be determined only with 
the records. The temporal–spatial history of rupture propagation along a ring fault may not be resolved 
owing to the long-period property. Additionally, our method assumes simple cases of ring-faulting, i.e., 
pure dip-slip motion along a circular fault geometry with uniform slip; however, ring-faulting can contain 


















detailed information of ring-faulting, shorter-period seismic waves may be utilized with heterogeneous 3-D 
velocity structures around the calderas (e.g., Contreras-Arratia and Neuberg, 2019; Hejrani and Tkalčić, 
2020). Also, recent studies demonstrated that inversion analysis using a simple 1-D Earth model can affect 
the MT inversion results (Hjörleifsdóttir and Ekström, 2010; Hejrani et al., 2017); hence, effects of the 3-D 
velocity structures on the resolvable moment tensors need to be further examined. It is also difficult to 
constrain a source with a volume change that may accompany ring-faulting by using long-period seismic 
waves alone. To constrain the mechanism of a source with a change in volume, geodetic observations of 
surface deformation using such as GPS, tiltmeters, or InSAR are useful (e.g., Yun, 2007; Anderson et al., 
2019; Segall et al., 2019, 2020). Combinations of seismic analyses with geodetic observations will provide 
more details about source processes of ring-faulting that involve volume change of a magma reservoir. 
5. Conclusions 
In this study, we investigated how source parameters of ring-faulting are related with MTs of 
vertical-CLVD earthquakes determined with long-period seismic waves. Avoiding the indeterminate issue 
of the vertical dip-slip component for shallow earthquakes, we proposed a new method to estimate the arc 
angle and the orientation of the ring fault based on two physical parameters, namely, the CLVD ratio 𝑘𝐶𝐿𝑉𝐷 
and the N-axis azimuth 𝜓, of the resolvable MT 𝑴𝑟𝑒𝑠, which is composed of the vertical-CLVD and 
vertical strike-slip components. Through a case study of the 2005 vertical-CLVD earthquake at the Sierra 


















records at far field. We also demonstrated that the ring-fault parameters estimated with 𝑴𝑟𝑒𝑠  were 
consistent with the geometry of the ring fault identified by geodetic observations and field surveys. In 
addition, we pointed out clear differences between 𝑴𝑟𝑒𝑠 of two vertical-CLVD earthquakes during the 
2018 activity at the caldera and suggested significant differences in the kinematics and source locations of 
the two ring-faulting events. Analyses of long-period seismic waves from moderate vertical-CLVD 
earthquakes observed globally allow remote estimation of ring-fault parameters at active volcanoes even 
without local observation networks. A better understanding of ring-faulting will provide insights into 
interactions of fault systems at volcanoes with magmatic processes, potentially leading to assessments of 
volcanic hazards. 
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Figures and tables 
 
Figure 1 Two types of vertical-CLVD earthquake caused by ring-faulting.  
(a–d) The kinematics and geometry of ring-faulting corresponding to the two endmembers of 
vertical-CLVD earthquakes (shown on the left). The circle represents the up-dip end of the ring fault, 
with short lines indicating the dip direction to the down-dip end. The direction of motion of the central 




















Figure 2 Modeling and decomposition of theoretical moment tensors of idealized ring-faulting.  
(a) Ring-fault parameters. Thick and thin arc curves represent up-dip and down-dip ends, respectively. 
Arc angle 𝛩 , dip angle 𝛿 , and ring-fault azimuth 𝑂𝑀⃗⃗⃗⃗ ⃗⃗  are variable parameters. The ring-fault 
orientation is perpendicular to the ring-fault azimuth. The dip angle is uniform along the ring fault. (b) 
Three decomposed moment tensor (MT) components. (c–d) Theoretical MTs of ring-faulting with arc 
angles of 90°, 180°, 270°, and 360° and with dip angles of (c) 60° and (d) 75°. For reference, an MT of 
a planar faulting is also shown in the top row. Columns: (1) kinematics and geometry of ring-faulting, 


















(CLVD, SS, and DS) with their ratios, and (6) resolvable MT. The orientation of the best double-couple 
solution is shown by thin curves in columns 2 and 6. All focal mechanisms are shown by projection of 
the lower focal hemisphere. The diameter of the focal mechanism diagram is proportional to its scalar 



















Figure 3 Synthetic long-period seismic waves from five elementary moment tensor components. 
Synthetic long-period seismic waveforms from sources representing five elementary moment tensor 
components. The centroid depth is (a) 2.5 km and (b) 10.5 km in the crust. 𝑴𝐷 and 𝑴𝜃𝜙 determine 
the SS component, and 𝑴𝑟𝜃 and 𝑴𝑟𝜙 determine the DS component. The virtual station is located at 


















distance from the source. We use the W-phase code (Kanamori and Rivera, 2008; Hayes et al., 2009; 
Duputel et al., 2012) for the convolution of Green’s functions and filtering. Green’s functions are 
computed by the normal mode method (e.g., Takeuchi and Saito, 1972), with the 1-D Preliminary 
Reference Earth Model (PREM; Dziewonski and Anderson, 1981). A one-pass and fourth-order 



















Figure 4 Relationship between Mres and ring-fault parameters. 
(a) The CLVD ratio, 𝑘𝐶𝐿𝑉𝐷, of the resolvable MT, 𝑴𝑟𝑒𝑠, as a function of arc angle 𝛩. Note that the 
relationship between 𝑘𝐶𝐿𝑉𝐷  and 𝛩  is independent of the dip angle of the ring fault. (b–c) 
Relationship between ring-fault geometry and 𝑴𝑟𝑒𝑠 for (b) vertical-T earthquakes and (c) vertical-P 


















of the central block (up or down), and the ring-fault orientation (an arrow) are shown. In the 3rd 
column, 𝑴𝑟𝑒𝑠  is shown with the orientation of its N-axis (arrow). In the 4th column, the SS 
component is shown with its T- or P-axis (arrow). Note that the N-axis of 𝑴𝑟𝑒𝑠 is the same as the T- 



















Figure 5 Maps of the Galápagos Islands and the Sierra Negra caldera. 
(a) Map of the Galápagos Islands. Topographic and bathymetric data is from GEBCO_2020. The 
black rectangle in the inset panel indicates the area shown in (a). The black cross represents the 
centroid location of the vertical-T earthquake of 22 October 2005 reported in the GCMT Catalog. (b) 
Map of the Sierra Negra caldera. Topographic data is from the Advance Land Observation Satellite 
(ALOS) World 3D–30 m DEM (AW3D30) provided by the Japan Aerospace Exploration Agency 
(JAXA) (e.g., Tadono et al., 2014). The black curve indicates the fresh vertical scarp identified by 
Geist et al. (2008) during a field survey in June 2006; the part represented by the solid curve was 
clearly identified, whereas those along the dotted curves were less clearly defined. The red circles 
represent locations of GPS stations used by Bell et al. (2021). The gray dotted curve indicates a 



















Figure 6 Model performance of MT inversion for the Mw 5.5 vertical-T CLVD earthquake of 22 
October 2005. 
Red and black lines represent synthetic and observed waveforms, respectively. The start and end 
points of the inversion time window are indicated by red circles. In each inset map, the blue star and 
the large red circle represent locations of the epicenter (0.83°S, 91.14°W) and the station. The station 



















Figure 7 MT inversion for the vertical-T CLVD earthquake of 22 October 2005 at the Sierra Negra 
caldera. 
(a–b) Global NRMS misfits 𝜌 of MT solutions at source locations distributed on (a) the x–y plane at a 
depth of 2.5 km in the crust and (b) the x–z plane along a latitude of 0.83° (dashed white line in (a)). 
The red circle in (a) and the red line in (b) represent the approximate locations of the Sierra Negra 
caldera. (c–d) MT solutions at different centroid locations on (c) the x–y plane around the caldera (in 
the area shown by the white rectangle in (a)) and (d) the x–z plane. (e–f) Resolvable MTs on (e) the x–
y plane around the caldera and (f) the x–z plane. All focal mechanisms are shown by projection of the 



















Figure 8 Histogram of the parameters of acceptable MT solutions. 
(a) Mw and (b) the ratio of the DS component of the acceptable MT solutions. (c) Mw, (d) the CLVD 




















Figure 9 MT solutions and resolvable MTs of the Mw 5.5 vertical-T CLVD earthquake of 22 October 
2005. 
(a) MT solution with the ratios of the three MT components and (c) resolvable MT with the ratio of the 
CLVD component 𝑘𝐶𝐿𝑉𝐷 and the N-axis azimuth 𝜓 obtained from our MT inversion at a depth of 2.5 
km in the crust just below the caldera. (b) MT and (d) resolvable MT obtained from the GCMT 




















Figure 10 GCMT solutions for two vertical-CLVD earthquakes during the 2018 volcanic activity. 
(a) MT solution with the ratios of the three MT components and (b) resolvable MT of the Mw 5.3 
earthquake of 26 June 2018 with the ratio of the CLVD component 𝑘𝐶𝐿𝑉𝐷 and the N-axis azimuth 𝜓 
obtained from the GCMT Catalog. (c–d) The same as (a–b) but for the Mw 5.1 earthquake of 5 July 




















Figure 11 Seismic excitation rate of ring-faulting at a shallow source depth. 
(a) Geometrical cancellation of the scalar moment of idealized ring-faulting, calculated using Equation 
(13). (b) The ratio of 𝑀0
𝑟𝑒𝑠 to 𝑀0 of idealized ring-faulting, calculated using Equation (14). (c) The 



















Figure 12 Effects of an isotropic source on estimation of the CLVD source. 
Synthetic long-period seismic waveforms of (a) a CLVD source (Equation 25), (b) an isotropic source 
(Equation 26), and (c) a horizontal tensile source (Equation 27). The MT of the horizontal tensile crack 






𝜇, as given in 
Equation (17). The centroid depth is assumed to be 2.5 km in the crust. The station location and 




















Table 1 Moment tensor solutions of vertical-CLVD earthquakes for the Sierra Negra caldera. 
Centroids and moment tensor solutions of vertical-CLVD earthquakes for the Sierra Negra caldera 
obtained by MT inversion in this study or taken from the GCMT Catalog. Note that the centroid depth 
of the GCMT Catalog may be determined at a greater depth of 9 km in the crust (i.e., 12 km of PREM 
including a 3-km oceanic layer) than the accrual centroid depth of the earthquakes to maintain the 
























22 October 2005 This study 91.14 0.83 2.5 1.246 -1.035 -0.210 -6.127 -3.718 0.182 17 5.84
22 October 2005 GCMT 91.35 1.00 9.0 1.260 -0.989 -0.268 0.459 -1.510 0.080 17 5.46
26 June 2018 GCMT 91.33 0.96 9.0 1.230 -1.090 -0.148 0.118 -0.592 -0.059 17 5.35








Longitude   
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Elements of moment tensor (N m)
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